Abstract Cellulose nanocrystals (CNCs), extracted from trees, plants, or similar cellulose-containing materials, can be used in combination with other materials to improve their performance or introduce new applications. The main purpose of this study was to compare and understand the potentialities, as coatings for Poly(ethylene terephthalate) films, of CNCs obtained starting from the same cotton linters by two different processes: sulfuric acid hydrolysis and a less common treatment with ammonium persulfate (APS), able to provide also a cellulose oxidation. The results showed that CNCs produced through the APS treatment showed higher charge densities, due to the carboxylic groups formed during the process, higher crystallinity, higher clarity of the solution and, as a consequence, higher transparency of the coating. These characteristics provide a higher oxygen barrier with respect to the CNCs produced by the H 2 SO 4 treatment, together with the availability of active sites for potential surface modification or chemical grafting. Both CNC coatings showed oxygen permeability coefficients that were lower than synthetic resins commonly used in flexible packaging. Furthermore, they did not significantly affect the optical properties of the substrate, while revealing good friction coefficients. Due though to the moisture sensitivity of the coating and its non-sealable nature, similar to EVOH or PVOH oxygen barrier synthetic resins, CNCs developed using APS will need to be laminated with another plastic layer such as a polyolefin. They could then be used to enhance the final properties of packaging solutions as an alternative to conventional food-packaging materials for perishable food products, while reducing their environmental impact with a thin layer of a bio-based polymer.
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Introduction
Cellulose, the most abundant natural polymer on earth, can potentially become a widely-used renewable nanomaterial for various applications in both its forms: cellulose nanocrystals (CNCs) and cellulose nanofibrils (CNFs) (Li et al. 2015; Dufresne 2012) . Two main approaches are commonly used for obtaining cellulose nanoparticles: mechanical treatments and acid hydrolysis, the latter being the classical method for CNC production.
The production of nanocellulose by acid hydrolysis is the most classical procedure for cellulose fragmentation (Nickerson and Habrle 1947; Favier et al. 1995; Håkansson and Ahlgren 2005; Bondeson et al. 2006; Elazzouzi-Hafraoui et al. 2008) . The structure of cellulose is highly-debated in the scientific field (Belbekhouche et al. 2011; Nishiyama 2009 ), but the measure of chemical reactivity showed the rupture of hydrogen bonding between O 3 H and the ring oxygen O 5 only in the region of defects that are periodically present along the microfibril and due to the biological synthesis of the cellulose (Nishiyama 2009 ). The dimensions and the morphologies of these particles mainly depend on the cellulose source and the process being used. Different acids have been tested and used in nanocellulose production (sulfuric, hydrochloric, phosphoric, hydrobromic and maleic acid (Filpponen 2009; Filson and Dawson-Andoh 2009; Okano et al. 1999) leading to distinct properties and morphologies of the CNCs. Concentrated sulfuric acid is the most common medium for the hydrolysis process, because it determines the formation of surface-charged sulfate ester groups on the cellulose chains which promote water dispersion of the nanoparticles, avoiding the aggregation phenomena observed using hydrochloric acid (Araki et al. 2000) . This process is easy to apply and low energy-consuming, but it can be time-consuming, not eco-friendly and pre-treatments are necessary, starting from lignocellulosic matrices (Espino et al. 2014 ). This method, in fact, is not able to eliminate lignin, hemicelluloses and other impurities within plant raw materials.
An alternative to the acid hydrolysis is the ammonium persulfate (APS) treatment (Leung et al. 2011) . APS is a chemical that is widely-used as a strong oxidizer in polymer chemistry (Jayakrishnan and Shah 1984) , as a cleaning and bleaching agent and as an etchant in various industries (Turrentine 1906) . It has low long-term toxicity, high water solubility and low cost. Ammonium persulfate is generally preferred to potassium and sodium persulfates because of its higher solubility, lower pH, lower density and viscosity.
Persulfates decompose thermally in aqueous solutions by two independent reactions, which occur simultaneously (Kolthoff and Miller 1951): (A) An un-catalyzed reaction leading to the symmetrical rupture of the O-O bond and the formation of two sulfate-free radicals which disappear reacting with water and producing anion bisulfate and atomic oxygen;
(B) An acid-catalyzed reaction leading to the unsymmetrical rupture of the O-O bond to form sulfur tetroxide and bisulfate.
In diluted acidic solutions, sulfur tetroxide decomposes to form atomic oxygen and sulfuric acid, but if the acidic concentration increases ([0.5 M) , sulfur tetroxide reacts with water (Gall et al. 1943; Beer and Muller 1962) leading to mono peroxysulfuric acid (Caro's acid, H 2 SO 5 ), which is patented as an effective delignification agent (Springer and Minor 1991) .
Therefore, the uniqueness of this treatment is that a simultaneous hydrolysis and oxidation process of cellulose fibers occurs on the surface and within the inner amorphous regions, due to the fast penetration of free radical ions (SO 4 -) and H 2 O 2 through the lumen of the fibers. In addition, the effectiveness of the phenomena is related to the progressive increase in acid concentration and the generation of peroxysulfuric acid.
Recent literature reports that APS is able to produce CNCs from different types of lignocellulosic materials containing up to 20 % of lignin. The process has been patented as an effective method to produce CNCs from renewable biomass (Leung et al. 2011 (Leung et al. , 2012 . The reaction conditions, such as reaction time, temperature and APS concentration, can be tuned to provide satisfactory yields and crystals with different aspect ratios. Moreover, this treatment gives the opportunity to obtain carboxylated CNCs and to increase the degree of crystallinity (Cheng et al. 2014) . It is well known that carboxyl groups on the surface of materials can provide active sites for template synthesis of nanoparticles, surface modification and chemical grafting (Ifuku et al. 2009; Qi et al. 2011; Arola et al. 2012) . The oxidized cellulose obtained by APS treatment shows a higher charge density that can improve interface interactions. Furthermore, the polymer crystallinity generally leads to better mechanical properties and higher gas barrier properties (Lasoski and Cobbs 1959; Salame 1989; Miller and Krochta 1997) .
These specific characteristics of the CNCs obtained through the APS treatment, taken together with the huge availability of lignin containing cellulose sources in agricultural biomasses as well as in industrial byproducts, addressed our research towards the potential uses of these carboxylated cellulose nanocrystals as coatings for high-performing and more sustainable flexible packaging materials (Li et al. 2013a, b) . A process able to attain large amounts of CNCs from cheap and largely-available sources would be of interest to the sector producing packaging materials, in that it would supply novel materials that perform better and are more sustainable, and come from renewable sources. So far, however, to our best knowledge, an accurate comparison does not exist between CNCs obtained by the two processes and addressed to their potential use as coating for flexible packaging materials. In this paper, therefore, we propose a comparison between the cellulose nanocrystals obtained by sulfuric acid hydrolysis and APS oxidation-hydrolysis starting from the same cotton linters, and a characterization of PET films coated with the two differently-obtained CNCs, intended for food packaging applications.
Materials and methods

Materials
Cotton linters used as raw material to produce CNCs were kindly supplied by Innovhub (Milan, Italy). Sulfuric acid 96 %, ammonium persulfate C98 %, hydrochloric acid 37 %, sodium hydroxide C97 %, ion exchange resin Dowex Marathon MR-3 were purchased from Sigma-Aldrich (Milan, Italy).
Poly(ethylene terephthalate) (PET) film, having a thickness of 12 ± 0.5 lm, was provided by Sapici s.p.a (Cernusco sul Naviglio, Italy).
CNC extraction by sulfuric acid hydrolysis
Cellulose nanocrystals (CNCs) were obtained from cotton linters by a common procedure used by many Authors (Dong et al. 1996; Li et al. 2013b) . Milled cotton linters were hydrolyzed by 64 % w/w sulfuric acid under vigorous stirring at 45°C for 45 min (fibers/ acid ratio 1:17.5 g/mL). To quench the reaction, the mixture was diluted ten times with deionized water (18 MX cm, Millipore Milli-Q Purification System). The solution was centrifuged 5 times at 10,000 rpm for 15 min with the addition of deionized water each time in order to remove the excess acid until the supernatant became turbid. For further purification, the centrifuged solution was posed inside dialysis tubes (Molecular Weight Cut off 12,000 Da) immersed in deionized water for 72 h to remove any acid still present and the low molecular weight contaminants. The suspension was then sonicated (UP 400S 400 W, Hielscher ultrasonics GMBH, Teltow, Germany) repeatedly (cycles 0.7, time 5 min at 70 % output) to bring cellulose crystals to colloidal dimensions. During the ultrasonic treatment, the suspension was cooled with an ice water bath to avoid overheating. Ion exchange resin was added to the sonicated suspension (resin/solution ratio 10:1 g/L) scavenging any residual ions. After that, the suspension was filtered under vacuum, using Munktell filter discs GF/C 1.2 lm in order to remove the largest fiber agglomerates and any microfibers possibly present. The cellulose content of the resulting aqueous suspension was determined by drying several samples (1 mL) at 105°C overnight. The pH of purified suspensions was adjusted to 8 by 1 M NaOH in order to gain fully-charged CNCs.
Secondly, the dispersion was frozen at -18°C overnight and then moved to a freeze dryer (LIO-10P, Cinquepascal, Trezzano sul Naviglio, Italy). Finally, the freeze-dried powder obtained was stored in tightlyclosed bottles under dry conditions.
CNC extraction by ammonium persulfate treatment
The CNCs were produced from cotton linters by the hydrolyzing-oxidative method proposed by Leung et al. (2011) . Milled cotton linters and 1 M ammonium persulfate (APS) (ratio between fibers and APS 10:1 g/L) were introduced into a large beaker, onto a magnetic stirrer hotplate, equipped with a Vertex Digital thermoregulator (VELP Scientifica, Usmate, Italy). The mixture was heated and continuously stirred at 75°C for 16 h, limiting the evaporation by means of an aluminum foil cover. The suspension of the CNCs obtained was centrifuged at 10,000 rpm for 15 min with the addition of deionized water in order to rinse the suspension. The centrifugation and washing procedure was repeated 4 times until the pH of the suspension was around 4. In order to have the sodium form of CNCs, NaOH 1 M was added until the suspension reached pH 8 and then it was sonicated for 15 min (0.7 cycles, 70 % output). The purified suspension was frozen at -18°C overnight and freeze-dried. Finally, the freeze-dried powder obtained was stored in tightly closed bottles under dry conditions.
Morphological characterization of the CNCs
Drops of aqueous dispersions of CNCs 0.5 % w/w were deposited on carbon-coated electron microscope grids, negatively stained with uranyl acetate and allowed to dry. The samples were analyzed with a Hitachi Jeol-10084 transmission electron microscope (TEM) operated at an accelerating voltage of 80 kV. Representative micrographs were selected for measuring the diameter and length of the nanocrystals by digital image analysis (Image-Pro Plus software). The aspect ratio was also calculated. Average lengths and diameters of the crystals were determined by analyzing 70 crystals.
In addition, the hydrodynamic size distributions of diluted aqueous dispersions of the CNCs were determined by dynamic light scattering (DLS) (Malvern Instruments Nano Series Zetasizer optical units). Measurements were performed at (23.0 ± 0.1)°C with a class 14 mW continuous wave He-Ne laser light (k = 632.8 nm). The scatterers in solution were undergoing Brownian motions, constantly changing their instantaneous positions and thus causing temporal fluctuations in the scattered light intensity. By applying correlation analysis and the Stokes-Einstein relation, the hydrodynamic dimension and the size distribution of the scatterers was calculated (Berne and Pecora 2000) . Prior to DLS measurement, the samples were diluted to 1:500 (w/w) with distilled water that was previously adjusted to pH 8 and maintained at 25°C through stirring until measurement. 1 ml of the diluted solution was injected in the measurement cell after 30 s homogenization with an ultrasonic bath.
Determination of the degree of oxidation (DO) of the CNCs, charge density and clarity of the CNC solutions Conductometric titrations were performed to determine the carboxylic acid content of the CNCs. 50 mg of dry powders of CNCs were suspended into 15 mL 0.01 M HCl for complete protonation of the COOH groups, and sonicated for 10 min to disperse the nanocrystals. The CNC suspensions were then titrated against 0.01 M NaOH and the carboxylic acid contents were determined from the resulting conductivity curves. The DO of the CNCs was calculated using the following equation:
is the volume of NaOH (L) required to deprotonate the carboxylic acids groups, C is the concentration (M) of NaOH, w is the weight of the CNCs samples, the values 162 and 36 correspond to the molecular weight of an anhydroglucose unit (AGU) and the molecular weight difference between an AGU and sodium gluconate, respectively. The degree of oxidation (DO) was also quantified by FTIR spectra. The FTIR spectroscopy was performed with a Perkin Elmer instrument (Spectrum 100), equipped with ATR accessory, at room temperature, on the CNCs in their acidic form (pH = 2). The data was collected over 64 scans with resolutions of 4 cm -1 and the DO was calculated by the ratio of the intensity of the carbonyl peak [absorbance bands at 1735 cm -1 (m (C = O) in the acid form)] to that of the band near 1060 cm -1 , relating to the backbone structure of cellulose. The equation used in this case is the following:
Surface charge density was estimated using the dimensions of the CNC determined by TEM, assuming a cylindrical shape and a density of 1.6 g/cm 3 for cellulose nanocrystals (Beck-Candanedo et al. 2015) . The clarity of the CNCs' water solution at 7 % w/w was also tested after ultrasound treatment for 15 min (0.7 cycles, 70 % output). The turbidity of the solution was measured using a spectrophotometer at k = 600 nm.
Cristallinity evaluation by solid-state nuclear magnetic resonance (NMR) spectroscopy and by X-ray diffraction (XRD) All NMR spectra (three replications for each type of CNC) were acquired at room temperature on a Bruker AVANCE-600 spectrometer (Bruker Spectrospin GmbH, Rheinstetten, Germany), equipped with a 4 mm broad-band CP-MAS probe for solid state measurements. About 100 mg of a CNC sample were directly pressed into a 4 mm ZrO 2 rotor without further treatment. 13C spectra were acquired at 150.9 MHz using Cross Polarization (CP) and Magic Angle Spinning (MAS) at 6-10 kHz (Pines et al. 1973) . Proton decoupling was achieved with a GARP-based composite pulse. Standard acquisition parameters were as follows: Spectral width: 75.7 kHz; acquisition time: 3.4 ms; relaxation delay: 2 s (fast acquisition conditions); contact time for Cross Polarization: 1 ms; number of scans: 7000-24000. The contact time was optimized by systematic variation of the corresponding pulse within the 0.3-3.0 ms range. Adamantane was used as the external chemical shift reference.
Measurement of X-ray diffraction was conducted using an X-ray diffractometer (D8-Advance Bruker AXS GmbH) at room temperature with a monochromatic Cu-Ka radiation source (wavelength 1.5418 Å ) in the step-scan mode with a 2h angle ranging from 5°t o 59.98°with a step size of 0.02 and 2750 number of points. The freeze-dried CNC powders were placed on the sample holder and leveled to obtain uniform X-ray exposure.
Diffraction peaks were profile-fitted using the WinPLOTR program (Roisnel and Rodríguez-Carvajal 2001) . Peaks were fitted by a Pseudo-Voigt function with a fixed Lorentzian component g = 0.75 and refinable background, peak width at half maximum (pwhm), position, and intensity.
NMR analysis was used to provide the relative masses of crystalline and amorphous material. A Gaussian function was used to perform the deconvolution of the C4 peaks. CI was calculated by dividing the area of the crystalline peak (integrating the peak from 87 to 93 ppm) by the total area assigned to the C4 peaks (integrating the region from 80 to 93 ppm).
XRD diffraction were carried out to determine the crystal type (polymorph). Diffraction patterns from cellulose Ia and Ib were calculated based on the published atomic coordinates and unit cell dimensions contained in modified ''crystal information files'' (.cif). Diffraction intensities, output by Mercury program (3.0) from the Cambridge Crystallographic Data Centre, was compared with the experimental data (French 2014; Nishiyama et al. 2012 ).
Thermogravimetric analysis (TGA)
TGA was carried out to determine the thermal stability of the different kinds of CNCs by employing a thermogravimetric analyzer Perkin Elmer, TGA 4000. Samples were heated from 30°C to 800°C under air or nitrogen atmosphere at a heating rate of 10°C min -1 ; three replications were done for each CNC type.
Coating process A 7 wt% CNC water dispersion (pH = 8) was coated onto PET 12 lm film, according to ASTM D823-07, practice C. After activation of the external side of the substrate by using a corona treater, (Arcotech GmbH, Monsheim, Germany), the CNC solution was coated by an automatic film applicator (model 1137, Sheen Instruments, Kingston, UK) at a constant speed of 2.5 mm s -1 . Water was evaporated using a constant mild air flow (25 ± 0.3°C for 5 min). Cellulose (2016) ) with argon and 18 mA current intensity.
Oxygen permeability measurements
The oxygen permeability (PO 2 ) of CNC-coated plastic films was assessed (mL m -2 day -1 bar -1 ) by an isostatic method (Multiperm, Extra_Solution S.r.l. Capannori, Italy) at 23°C and two different relative humidity values (0 and 50 % RH), complying with ASTM D-3985. The oxygen permeability coefficients of the CNC coating alone (i.e. KPO 2 of the coating) were calculated using the following equation (Crank 1979) and assuming that the substrate surface (PET film) did not interact with the CNC coating above and that the interface between them negligibly affected the final permeation measure. 
Knowing, therefore, the polar and dispersive components (c l p , c l D ) of at least two liquids (the ones used in this work are reported in Table 1 ), and the corresponding apparent contact angles of these liquids onto the solid surface of interest, a linear regression permits to estimate the SFE components c 
Coefficient of friction
The static (l S ) and dynamic (l D ) friction coefficients (COF) were measured by a dynamometer (model Z005, Zwick Roell, Ulm, Germany), according to the standard method ASTM D 1894-87. Firstly, the uncoated side of CNC-coated film was attached on a specific sled (6.2 9 6.2 cm 2 , 197.99 g), while the uncoated film was covered on the sliding plane (exposing the un-treated side). Then the sled was connected to the force sensor of a dynamometer and horizontally pulled by the instrument on the covered sliding plane. The raw data (pulling force) was recorded and analyzed by TestXpert software V10.11 (Zwick Roell, Ulm, Germany).
Results
CNC characterization
The two different processes used on the same batch of cotton linters each produced cellulose nanocrystals that then were characterized to determine the differences in the CNCs obtained.
The CNCs were characterized in terms of morphology with TEM (Fig. 1a, b) and hydrodynamic size distribution (DLS), (Fig. 2) . Electron micrographs show quite similar rod-like shapes with comparable rod diameters (Table 2) for both sets of CNCs. The higher values were measured for the CNCs achieved through the APS process.
The fact that the CNCs are not spherical poses some issues on the sizes calculated by DLS, which analyzes the data in spherical approximation, mathematically treating the CNCs as spheres moving with Brownian motion independently from their real physical morphology. Particularly, when a rod-like particle is subjected to Brownian motion, it will be dragged along and rotate, in a similar way to a spherical particle. Differently from spheres, the hydrodynamic stresses will depend on the relative orientation of the rods, causing an anisotropic motion of the scatterer (Mewis and Wagner 2012) . Prolated rod-like structures of length L are detected by DLS as equivalent Brownian spheres with a smaller average size (Kroeger et al. 2007 ). The average TEM Length dimension matches the DLS measured size distribution (Table 2; Fig. 2 ), indicating the good overlap between size distribution in CNC solution and electron micrographies (EM) of drop-casted CNCs. Such an average size persistence in presence of strong capillary forces associated to drying and absorption before EM measurements underlines the stability of the morphology of both the CNCs obtained (Kralchevsky and Nagayama 1994) .
The length of the nanocrystals, in particular, can be relevant in networking consolidation during the (Nishiyama et al. 2013) . In this specific case, the values are 62.6 ± 1.1 % for CNCs H 2 SO 4 and 63.8 ± 1.2 % for CNCs APS therefore no significant difference in crystallinity content is present.
More interesting is the analysis of X-ray diffraction patterns of our samples, and their comparison to XRPD patterns of the cellulose Ia and Ib phases (Nishiyama et al. 2002 (Nishiyama et al. , 2003a simulated using the Mercury program.
Experimental and simulated patterns are shown stacked in Fig. 3 . The position and relative intensities of the most intense peaks of both CNCs H 2 SO 4 and CNCs APS are more consistent with the Ib phase. Thus, the peaks discussed in the following crystallitesize analysis were indexed according to the highersymmetry Ib phase. A spurious peak is visible at 2h = 32°in the CNCs H 2 SO 4 pattern, due to contamination occurring during CNC production through the H 2 SO 4 process in form of K 2 SO 4 .
Crystallite size was evaluated on the three main peaks by means of the Scherrer equation (Patterson 1939) , which relates the peak width b and the peak position h to the minimum coherent diffraction length s.
The value of the sample ''shape factor'' K can range from 0.6 to 2.08. In the present analysis K was set to 1.0, as previously used by Nishiyama et al. (2012) . Peak width at half maximum (pwhm) was determined using WinPLOTR as described in Paragraph 2.6. The crystallite size values thus calculated are reported in Table 3 together with the respective pwhms.
Width of the (200) peak in CNCsAPS is smaller than in CNCsH 2 SO 4 , resulting in crystallite sizes s = 6.4 nm and s = 5.5 nm, respectively. These two s values account for 16 and 14 coherently stacked planes in the direction perpendicular to the (200) planes. Both values fall short of the 19 theoretical interplanar spacings expected for the 100-chain crystal (s = 7.4 nm), as reported in previous works on CNC . The values in Table 3 indicate that a preferential stacking of chains along (200) occurs, and good agreement is found with the size obtained from TEM (shown in Table 2 ). However, a larger size of CNCs H 2 SO 4 was inferred from TEM analysis, since TEM is not able to discriminate the amorphous and the crystalline parts of the sample. , is a measure of the width of particle size distribution
Because of the strong oxidative potential of the APS treatment, an essential characterization of the two different CNCs produced is related to the degree of oxidation and an assessment of the charge density. Both FTIR spectra and conductometric titrations were carried out for this purpose and the overall results obtained are reported in Table 4 . FTIR spectra of CNCs APS (Fig. 4) clearly show the typical absorption bands of carboxylic groups. The two peaks recognizable in the inset of Fig. 4 are referable, according to Lam (Lam et al. 2013) , to C=O stretching peaks of the carboxylic group (1733 cm -1 ) and to COO -NH 4 ? (1630 cm -1 ), respectively. Concentration of COOH groups resulted to be 0.98 mmol/g of cellulose nanocrystals, leading to an oxidation degree around 0.15. According to Elazzouzi-Hafraoui et al. (2008) and assuming that all the glucose units on the surface of each nanocrystalline cellulose particle are completely carboxylated, the charge content measured provides an estimate of the diameter of the nanocrystals in the range of 6 and 10 nm (Yang et al. 2013) , and this value is in agreement with the data obtained with TEM and XRD analyses. The charge density that was accounted for with CNCsAPS is 4.5 times the value obtained for sulfuric acid hydrolysis and this achievement seems consistent with the goal of producing a suspension that can be casted, as a thin and functional coating, on the activated surface of flexible packaging materials.
The results concerning the degree of oxidation and the charge densities of the two different CNCs appear well-correlated to the values of contact angles and surface energies, measured on specimens obtained by casting the cellulose nanocrystals from their 7 % suspension in water (pH = 7), and reported in Table 5 . Both the samples presented water contact angles consistent with high hydrophilicity: this was largely expected due to their cellulosic origins. The value, however, of sample from the APS process is lower, showing a much higher wettability. Surface free energies (SFE) were also measured using the static contact angles of apolar diiodomethane, by means of the Owens-Wendt-Rabel and Kaelblem (OWRK) method, and they too showed a significant difference between the two samples. CNCs from the APS process had a surfacefree energy which was 13.6 % higher than that of the CNCs coming from sulfuric acid hydrolysis. This was mainly due to the polar part of this energy (32.54 versus 21.71 mN/m), in accordance with the large presence of carboxyl groups in the cellulose nanocrystals obtained using ammonium persulfate. It is reasonable to assume that such a high surface energy can be useful in anchoring the CNC layer onto a common activated substrate.
The yields recorded for the two processes are rather different, with the APS treatment yielding just 34.4 % in comparison with almost 53 % of the sulfuric acid hydrolysis. It is worth noting that these values are only indicative and related to a specific lab-scale production process. In particular, they strongly depend on the preparation condition and post-treatment filtration. The extraction yield should correspond to the proportion of crystalline domains of the cellulosic raw materials, but usually lower yields are obtained. Possibly, continued action of reactive agents like acids for a long time could cause dissolution of cellulose in crystallites (Dufresne 2012) , or other reaction by-products.
Thermal stability of the CNCs was also tested, given its importance for thermoplastic applications where the processing temperature is often above 200°C. In the literature, different degradation temperatures for nanocrystals are reported because the degradation temperature depends on different experimental variables (Roman and Winter 2004) .
In this case (Fig. 5) , TGA curves report a small loss (about 6 %) from 30°C until 250°C, where cellulose undergoes its most important degradation. Even if the TGA analysis was performed in the temperature range between 30 and 800°C, only the range from 100°C to 500°C is reported in Fig. 5 , because this is the zone where the differences between the samples are more visible and the behavior is more influenced by the CNCs' production process and by the initial humidity of the samples. During the hydrolysis reaction, for example, the sulfate or hydroxyl groups are introduced on the surface of the nanoparticles, giving at the same time improved stability of the aqueous suspension and lower thermal stability.
Increasing quantities of sulfate and hydroxyl groups led to lower degradation temperatures (Fig. 5) , and a broader degradation temperature range was observed in comparison to unhydrolyzed samples, as shown in the literature (Roman and Winter 2004) . Similarly, the COOH form of CNCs is reported as being more stable than the COONa ? form (Lam et al. 2013 ). This was true in our case also, with the COONa ? form being more stable in a water solution than the COOH form, but less thermostable. Complete decomposition of the CNCs to volatile products including CO 2 was observed at T[400°C. This phenomenon could be attributed to depolymerization and decomposition of the cellulose chain. The presence of sulfate groups on nanocrystals leads to charred residue at 350°C. Heating in air causes oxidation of the hydroxyl groups, resulting, as the temperature increases, in increases of carbonyl, carboxyl and hydroperoxide groups, with free radicals also appearing. The thermal degradation temperature in this case is higher, as shown in Fig. 5 .
Coated PET film characterization
The turbidity of the APS solution used for coating preparation is lower than the H 2 SO 4 one, and this could be related to the surface charge density reported in Table 4 . Indeed, in the case of the APS solution, the higher surface charge density induces a more efficient electrostatic interaction with water (i.e. a tighter hydrogen bonds network), leading to more stable CNC dispersion.
The nanocrystals were used in the form of 7 % water dispersion at Ph 8 as lacquers for coating the properly corona-treated side of thin PET films. The thickness of the coatings obtained were well below 1 lm but enough to affect the optical properties, reducing the transparency and increasing the haze (Table 6 ) in comparison with the uncoated PET film (T% 84.2, Haze 2.8) After solution deposition on the substrate, the strong capillary and surface forces due to drying and adsorption triggered a rearrangement of the crystal structure. Cellulose is known to have a very high transparency in solid, non-porous forms. In this case, we are in the presence of a decrease of transparency of the PET film, and this decrease is higher in the case of the CNCs from the H 2 SO 4 treatment (Table 6 ). Moreover, SEM micrographs of the coatings surface, recorded at 1KK and 100KX magnification, showed homogenous surface of the coatings with the presence of some holes (Fig. 6) , with a more pronounced roughness in CNC coatings from H 2 SO 4 than from APS. This can be correlated with the higher decrease in transparency of the coating produced with CNCs from H 2 SO 4 .
SEM observation of the same sample but in crosssection permitted to verify that the surface of the coating is homogeneous in thickness, with values for both the coatings around 450 ± 50 nm (Fig. 7) .
At the same time, a test of the water resistance showed that the APS coating was removed by about 49.2 %, while the sulfuric acid CNC layer was almost completely removed (87.4 %). Despite its empiricism, the test perceptibly reveals a higher stability of the APS coating compared to that from H 2 SO 4 . In Table 6 , the coefficients of friction (COF, both dynamic and static), measured for the two coated films, are reported. The values pertinent to the sulfuric acid CNC coating are quite similar to the ones obtained in a previous work (Li et al. 2013a) , for various films (OPET, OPP, Cellophane and OPA) coated with the same CNCs. The achievement of similar COF values for different coated films were assumed as evidence of a complete and uniform covering of the substrates. The values obtained for APS CNCcoated PET are significantly lower, both as dynamic and static coefficients. This achievement can be interpreted as a possible better performance on the automatic machineries for converting the coated material or for a potential packaging operation, but it also confirms a very good adhesion to the plastic film and a compact and uniform coating offered by the cellulose nanocrystals.
Owing to the highly hydrophilic nature of these coatings and the results obtained in previous researches (Li et al. 2013a) , the most promising property of such CNC coatings is its gas barrier. Oxygen permeability was therefore measured at two different relative humidity values at room temperature for both the coated PET films and the uncoated substrate. The results obtained are presented in Table 7 and show a very sharp reduction of gas diffusion trough the PET film, once coated by the CNCs. To get the same permeability, just increasing the plastic thickness, a 1.5 mm thick PET film would be necessary to have the same performance offered by the sulfuric acid nanocellulose coating. In the case of the APS CNC-coated film, the thickness of the ''standard'' PET sheet having the same permeability should be around 8.2 mm. The very high oxygen barrier demonstrated by the APS CNC coating, which is much higher than that of the majority of synthetic barrier resins commonly used in food packaging applications, realistically derives from the inherent morphological, chemical and physical characteristics of these nanocrystals, which lead to low diffusion. The apparent higher moisture sensitivity of the CNCs from the APS process, which show a higher increase of permeability when measured at 50 % RH in comparison with film coated with H 2 SO 4 CNCs, is consistent with the higher wettability shown by the optical contact angle evaluation (Table 4) , and can be attributed to the higher charge density. In any case, the moisture sensitivity of the coating, as happens for EVOH or PVOH oxygen barrier synthetic resins, does not permit the use of such materials at high relative humidity (80 % or higher). This could be overcome by providing a sealable layer, that is a poliolefinic and moisture barrier, to the possible final laminate in a real application.
Conclusions
In this paper, the advantage of using CNCs derived from APS for improving the performance of common food-packaging materials, while increasing their possible sustainability, was proved. Transparency, friction coefficient, wettability of the coating and cristallinity were always better for the CNC coatings obtained by the APS process, and especially the water resistance and the oxygen barrier properties revealed a very interesting and promising behavior. These advantages must be correlated to the higher charge density (due to the presence of carboxylic groups), which in turn give rise to a more performing coating and availability of functional groups that can be used for grafting the CNCs to other molecules that could be involved in a lamination process. The tests demonstrated, however, that due to its intrinsic nature the hydrophilic coating was very sensitive to moisture and was neither thermoplastic nor thermo-sealable, as shown in the Differential Scanning Calorimetry analysis (ESM 1). Such a high-performing coating, in the case of a practical application such as food-packaging material, must therefore be protected by means of a hydrophobic and sealable polymeric layer. This is nevertheless the same problem that must be faced when synthetic barrier polymers, such as polyvinyl alcohol (PVOH) or ethylene vinyl alcohol copolymer (EVOH) are used. Due to the fact that the CNC coating showed oxygen permeability coefficients which were lower than the synthetic resins, they could be a viable alternative, having increased gas barrier properties, while reducing the dependency on oil-based derivatives.
